We investigated the relative importance of specific Arabidopsis thaliana genes in conferring resistance to bacterial versus fungal pathogens. We first developed a pathosystem involving the infection of Arabidopsis accession Columbia with a virulent isolate of the obligate biotrophic fungal pathogen Erysiphe orontii. E. orontii elicited the accumulation of mRNAs corresponding to the defenserelated genes PR1, BGL2 (PR2), PR5 and GST1, but did not elicit production of the phytoalexin camalexin or the accumulation of defensin (PDF1.2) or thionin (THI2.1) mRNAs. We tested a set of 15 previously isolated Arabidopsis phytoalexin deficient (pad), non-expresser of PR (npr) and enhanced disease susceptibility (eds) mutants that are more susceptible to Pseudomonas syringae for their susceptibility to E. orontii. Four of these mutants (pad4-1, npr1-1, eds5-1 and a double npr1-1 eds5-1 mutant) as well as Arabidopsis lines carrying a nahG transgene exhibited enhanced susceptibility to E. orontii and reduced levels of PR gene expression. Comparison of the PR gene induction patterns in response to E. orontii in the various mutants and in the nahG transgenics suggests the existence of NPR1-independent salicylatedependent and NPR1-independent salicylate-independent defense gene activation pathways. Eleven other eds and pad mutants did not show measurable enhanced susceptibility to E. orontii, suggesting that these mutants are defective in factors that are not important for the limitation of E. orontii growth.
Introduction
Plants mount a variety of defense responses when attacked by a pathogenic microorganism, including an oxidative burst, reinforcement of cell walls by lignification or callose deposition, production of antimicrobial compounds such as phytoalexins and hydrolytic enzymes, and expression of pathogenesis-related (PR) proteins of unknown function (reviewed in Dixon and Lamb, 1990; Somssich and Hahlbrock, 1998; Yang et al., 1997) . In any particular plantpathogen interaction, many or even all of these host defense responses can be activated, making it difficult to determine the relative importance of different host responses in conferring resistance to a specific pathogen. Our laboratory is studying the complex host response to pathogen attack by the isolation and characterization of Arabidopsis thaliana mutants that are more susceptible to pathogen attack. We expect that these mutants will ultimately define most if not all of the components of the Arabidopsis defense response, including those that are not currently correlated with a known biochemical response. By testing each mutant for its response to a variety of pathogens, it should be possible to determine the relative importance of each defense-related gene in different interactions.
The available collection of Arabidopsis mutants that are affected in various aspects of the defense response is growing rapidly. These mutants can be roughly categorized into two main groups, those that affect gene-for-gene interactions with avirulent pathogens that elicit a hypersensitive response and those that affect the response to virulent pathogens that elicit disease symptoms. So-called gene-for-gene resistance is thought to involve specific recognition of a protein ligand (encoded by a pathogen avirulence gene) by a receptor (encoded by a plant resistance gene). The gene-for-gene response, which includes programmed cell death (the hypersensitive response or HR) and transcription of many defense-related genes, is highly effective in limiting pathogen growth, and pathogens that elicit a gene-for-gene response are classified as avirulent (reviewed in Bent, 1996; Hammond-Kosack and Jones, 1996) . Several Arabidopsis resistance genes have been identified by screening for mutants that do not respond to a specific avr-gene signal and, in addition, at least two genes, NDR1 (Century et al., 1995; Century et al., 1997) and EDS1 (Parker et al., 1996) , have been identified which appear to encode signal transduction components involved in gene-for-gene responses.
In contrast to avirulent pathogens that activate gene-forgene resistance pathways, so-called virulent pathogens grow extensively in host tissue and elicit disease symptoms. With the exception of the HR, the host response to virulent pathogens involves activation of many of the same defense-related responses and genes that are activated by avirulent pathogens, although these responses are often activated more slowly or weakly (Crute et al., 1994; Yang et al., 1997) . The isolation of Arabidopsis eds mutants, by screening for enhanced disease susceptibility to virulent strains of Pseudomonas syringae, has provided clear evidence that the growth of virulent pathogens is actively limited by host defense responses (Glazebrook et al., 1996; Rogers and Ausubel, 1997; Volko et al., 1998) . In addition to eds mutants, two other sets of Arabidopsis defenserelated mutants which exhibit enhanced susceptibility to virulent pathogens have been isolated. The allelic npr1/ nim1/sai1 mutants were identified on the basis of their failure to activate PR gene expression or failure to express systemic acquired resistance (see below) in response to exogenously supplied salicylate or salicylate analogs Delaney et al., 1995; Shah et al., 1997) , and pad mutants were isolated by screening for reduced synthesis of the Arabidopsis phytoalexin, camalexin, in response to virulent P. syringae (Glazebrook and Ausubel, 1994) .
Several of the Arabidopsis defense-related mutants affect the response to both virulent and avirulent pathogens, including eds1 (Parker et al. 1996) and npr1 Delaney et al., 1995) , whereas others, including ndr1 and most of the eds mutants, only affect the response to avirulent or virulent pathogens, respectively (Century et al., 1995; Century et al., 1997; Glazebrook et al., 1996; Rogers and Ausubel, 1997) . One common feature of the response to both virulent and avirulent pathogens is the key role played by salicylic acid (SA) as a secondary messenger. SA was first shown to play an important role in the elicitation of so-called systemic acquired resistance (SAR), a phenomenon in which a plant infected by an avirulent pathogen subsequently becomes resistant to infection by other pathogens that would normally be virulent on that plant. The development of SAR coincides with the expression of PR proteins at a distance from the site of initial infection (reviewed in Delaney, 1997; Ryals et al., 1996) . In tobacco and Arabidopsis, exogenously applied SA activates both PR gene expression and resistance to virulent pathogens (Uknes et al., 1992; Ward et al., 1991) ; expression of the bacterial salicylate hydroxylase gene nahG in transgenic plants abrogates both PR gene expression and development of SAR (Delaney et al., 1994; Gaffney et al., 1993) . In addition, Arabidopsis mutants in the npr1 gene which do not activate PR proteins in response to SA are also defective in SAR Delaney et al., 1995) . Importantly, Arabidopsis npr1 mutants as well as trans-genic Arabidopsis plants expressing nahG allow enhanced growth of both virulent and avirulent strains of P. syringae and avirulent strains of Peronospora parasitica Delaney et al., 1994; Delaney et al., 1995; Glazebrook et al., 1996; Shah et al., 1997) , suggesting that salicylate has a role in limiting pathogen growth at the primary infection site as well a role in systemic signaling. Conversely, Arabidopsis mutants that express PR proteins constitutively (cpr mutants) are more resistant to virulent strains of P. syringae than wild-type Bowling et al., 1997) . In addition to NPR1, at least one other defense-related gene, PAD4, appears to be directly involved in an SA signaling pathway since pad4 mutants accumulate lower levels of SA in response to P. syringae infection (Zhou et al., 1998) .
A second signaling molecule that has been associated with responses to fungal pathogens and other stresses is jasmonic acid (Creelman and Mullet, 1997; Penninckx et al., 1996) . In Arabidopsis, jasmonate has been shown to be involved in the induction of a defensin and a thionin in response to several necrotrophic fungal pathogens (Epple et al., 1995; Penninckx et al., 1996) and to the fungal toxin fumonisin B1 (J. Heard and F.M. Ausubel, manuscript in preparation). Interestingly, not only is induction of Arabidopsis defensin by Alternaria brassicicola salicylate independent (Penninckx et al., 1996) , but SA has been shown in some cases to inhibit the jasmonate pathway (Doares et al., 1995; Penninckx et al., 1996) . None of the Arabidopsis defense-related mutants described above have been shown to be deficient in a jasmonate-regulated pathway.
Our current goal is to amass sufficient phenotypic information about the various Arabidopsis defense-related mutants so that the corresponding defense-related genes can be placed in the appropriate signal transduction pathways. This task is complicated by the fact that many of the mutants are affected in a variety of host responses. To aid in the process of elucidating the roles of specific genes, we have developed an Arabidopsis pathosystem that involves the obligate fungal pathogen Erysiphe orontii (Plotnikova et al., 1998) . We reasoned that by studying a bacterial and fungal pathogen in parallel and in conjunction with a collection of Arabidopsis defense-related mutants, we would be able at the very least to identify mutants affected in signal transduction pathways that are common for defense against bacterial and fungal pathogens. Conversely, this study would also indicate which mutations affect the susceptibility to only the bacterial or the fungal pathogen and therefore correspond to genes that are more pathogen-specific in their mode of action. In this paper we describe the characterization of a number of Arabidopsis mutants previously shown to have enhanced susceptibility to P. syringae for enhanced susceptibility to E. orontii. Three mutants with enhanced susceptibility to E. orontii were identified, and each of these mutants shows defects in induction of particular pathogen-induced genes in response to E. orontii infection. These results allow us to order several pathogenesis-related genes in a signal transduction pathway leading from recognition of E. orontii infection to induction of defense responses.
Results

E. orontii growth on Arabidopsis
An isolate of Erysiphe orontii (isolate MGH) that is virulent on the Columbia (Col-0) accession was obtained from a spontaneous infection of Arabidopsis plants growing in the Massachusetts General Hospital greenhouses (Plotnikova et al., 1998) . When Col-0 is inoculated with E. orontii conidia using a settling tower, round powdery white colonies become visible to the naked eye 5-7 days post-infection. Mature conidia (asexual spores) are produced within 5 days post-infection. Over a period of about 2 weeks, the colonies can spread to cover approximately 20% of the leaf surface. Scanning electron micrographs of E. orontii colonies on leaves and bolts are shown in Figure 1 and an E. orontii-infected Col-0 plant is shown in Figure 2 (a). At about 14 days post-infection, infected leaves begin to display chlorosis that eventually affects the entire leaf, which then appears to undergo premature senescence. E. orontii also grows on the Landsberg erecta (La-er) accession, but more poorly than on Col-0; the mycelial mat and conidiophores are more sparse on La-er leaves than on Col-0 leaves (Figure 2e ). Interestingly, La-er leaves become chlorotic more rapidly than Col-0 leaves, at about 7 days post-infection (Figure 2e ).
Induction of defense responses by E. orontii infection
To determine whether previously identified Arabidopsis defense-related genes are induced in response to E. orontii infection, we carried out quantitative RNA blot analysis using total RNA isolated from E. orontii infected Columbia leaves. As shown in Figure 3 , transcripts corresponding to PR1, BGL2 (PR2), PR5 and GST1 were strongly expressed in infected leaves, while little or no expression was seen in leaves from uninfected plants. In addition, no induction of these transcripts was seen in uninfected leaves taken from infected plants. Staining of infected plants carrying PR1-GUS, BGL2-GUS and GST-GUS fusions confirmed that expression of these transcripts was confined to areas of fungal infection (data not shown). Induction of PR1-GUS and BGL2-GUS fusions was observed in both juvenile and adult leaves in response to E. orontii infection (data not shown).
As shown in Figure 2 (g) E. orontii infection also elicited the production of callose in cell wall appositions at the sites of fungal penetration into Arabidopsis epidermal cells. However, several other defense-related transcripts and substances that are induced in response to other pathogens were not elicited by E. orontii infection. In contrast to P. syringae, E. orontii elicited little or no camalexin, the only known Arabidopsis phytoalexin (Tsuji et al., 1992) , and did not induce the accumulation of mRNAs corresponding to the defense-related genes AIG1 and AIG2 (Reuber and Ausubel, 1996) . Similarly, in contrast to the necrotrophic fungal pathogens Fusarium oxysporum (Epple et al., 1995; Epple et al., 1997) and Alternaria brassicicola (Penninckx et al., 1996) , E. orontii did not activate expression of mRNAs corresponding to the Arabidopsis defensin PDF1.2 (Penninckx et al., 1996) or the thionin THI2.1 (Epple et al., 1995) .
Enhanced susceptibility of Arabidopsis defense-related mutants to E. orontii A number of Arabidopsis mutants that exhibit decreased induction of a particular defense response or exhibit enhanced susceptibility to various pathogens have been described by our laboratory and by others. We screened a number of these mutants, listed in Table 1 , for enhanced susceptibility to E. orontii, including five phytoalexin-deficient (pad) mutants, three pad double mutants, an npr1 mutant which fails to activate PR gene expression in response to salicylic acid, and eight eds mutants isolated on the basis of enhanced susceptibility to P. syringae. We also tested the susceptibility of a transgenic La-er line expressing the bacterial nahG gene which encodes a salicylate hydroxylase that reduces salicylic acid levels in the plant tissue. As shown in Figure 2 (a-f) and summarized in Table 1 , three mutants, pad4-1, npr1-1 and eds5-1, and the Landsberg nahG line, were significantly enhanced in susceptibility to E. orontii based on visual assessment of fungal growth and assignment of disease scores. The phytoalexin-deficient mutant pad4-1 in particular was found to allow dramatically enhanced growth of E. orontii (Figure 2b ). E. orontii grew very densely on pad4 plants, and leaves were completely covered with fungal growth after long periods of infection (Table 1 ). The npr1-1 mutant was also found to allow enhanced growth of E. orontii, although fungal growth was less extensive than on pad4 plants (Figure 2c , Table 1 ). Three other npr1 mutants, npr1-2, npr1-3 and npr1-4 also showed similar levels of enhanced susceptibility to E. orontii (Table 1 ). The eds5-1 mutant allowed reproducibly enhanced growth of E. orontii, although it was less susceptible than pad4 or npr1 ( Figure 2d , Table 1 ). An eds5-2 mutant was recently isolated and was also shown to be more susceptible to © Blackwell Science Ltd, The Plant Journal, (1998), 16, 473-485 E. orontii (Volko et al., 1998 ). An eds5-1 npr1-1 double mutant was more susceptible than either the npr1-1 or eds5-1 parents, showing almost complete fungal coverage (Table 1) . Finally, growth of E. orontii was dramatically enhanced on the La-er nahG plants in comparison to the parental La-er plants ( Figure 2f , Table 1 ). The remaining mutants (pad1-1, pad2-1, pad3-1, pad5-1, pad1-1 pad2-1, pad1-1 pad3-1, pad2-1 pad3-1, eds2-1, eds3-1, eds4-1, eds6-1, eds7-1, eds8-1 and eds9-1) were no more susceptible than Col-0. The jar1-1 jasmonate response mutant and the ndr1-1 mutant, which is deficient in some classes of gene-for-gene resistance, were also tested and found to be no more susceptible than Col-0.
To determine whether callose production was impaired in the pad4-1, npr1-1 and eds5-1 mutants, infected leaves were stained with aniline blue. All three mutants produced callose in response to attempted fungal penetration (Figure 2h-j) .
Quantitative analysis of fungal development on pad4-1, npr1-1, eds5-1 and an nahG transgenic line
We developed a quantitative assay to measure the relative susceptibility of the Arabidopsis defense-related mutants to E. orontii infection by monitoring the development of single fungal colonies under the light microscope. Detached leaves were inoculated with a low density of conidia to produce well-spaced single fungal colonies on the leaf surface, and the number of conidiophores and conidia per colony at 4 or 5 days post-infection was determined. A portion of a typical isolated E. orontii colony growing on an npr1-1 mutant leaf that was monitored for the quantitative growth assay is shown in Figure 4 and a summary of the growth data obtained on the pad4-1, npr1-1 and eds5-1 mutants and the La-er nahG transgenic line is given in Table 2. E. orontii colonies reached the reproductive stage much more rapidly on pad4 leaves than on Col-0 leaves. The development of the earliest conidiophores and conidia could be observed after 4 days on pad4 leaves, while at the same time colonies on Col-0 leaves had formed few or no conidiophores and no conidia. Similarly, E. orontii produced conidiophores and conidia much more rapidly on La-er nahG leaves than on La-er leaves. a Detached leaves were inoculated and incubated in Petri plates as described in Methods. Leaves were fixed and stained with trypan blue, and conidiophores and conidia were counted on 5-6 randomly selected single fungal colonies per leaf on 3-6 leaves. b P values were determined using an unpaired t-test.
© Blackwell Science Ltd, The Plant Journal, (1998), 16, 473-485 E. orontii colonies developed somewhat more rapidly on npr1-1 leaves than colonies on Col-0 leaves. No differences in growth were apparent at 4 days after inoculation, but by 5 days after inoculation colonies on npr1-1 leaves produced significantly more conidiophores and conidia than colonies on Col-0 leaves. Although more fungal growth was consistently apparent on eds5-1 plants in comparison with Col-0 plants, analysis of colony development did not show statistically significant differences in the numbers of conidiophores or conidia at 5 days after infection (Table 2 ). It is likely that a difference in colony development on wild-type and eds5-1 plants would be apparent using the quantitative assay at later times after infection. However, it is not feasible to carry out the quantitative assay later than 5 days post-infection because the colonies grow together, confounding the analysis.
Defense gene induction in response to E. orontii in the eds mutants, in nahG transgenic lines, and in an eds5-1 npr1-1 double mutant
We quantitated the levels of PR1, BGL2, PR5 and GST1 mRNA accumulation following E. orontii infection at 7 days post-infection in wild-type plants in comparison to the pad4-1, npr1-1 and eds5-1 mutants and the La-er nahG transgenic line, as shown in Figure 5 . In pad4 leaves, the levels of PR1, BGL2 and PR5 transcripts were dramatically reduced, averaging 7%, 8% and 12% of wild-type levels, respectively, in four experiments. In npr1-1 leaves PR1 transcript levels averaged 19% of wild-type levels in three experiments. BGL2 and PR5 transcripts were reduced in some but not all experiments, averaging 63% and 60% of wild-type levels. Similar results were obtained for npr1-2 (data not shown). In eds5-1 leaves, PR1 transcript levels averaged 33% of wild-type levels in five experiments, but BGL2 and PR5 transcripts only showed modest reductions in some but not all experiments, averaging 81% and 90%, respectively. In transgenic La-er nahG, PR1, BGL2 and PR5 transcript levels averaged Ͻ 5%, 68%, and 54% of wild- type levels, respectively, in three experiments. Very low PR1 expression (7% of wild-type levels) was also observed in two Col-0 transgenic nahG T2 lines (data not shown). No differences in GST1 expression were observed in any of the mutants or in the nahG transgenic plants. Gene induction in response to E. orontii was also examined in © Blackwell Science Ltd, The Plant Journal, (1998) , 16, 473-485 Figure 6 . PR1 expression in an eds5-1 npr1-1 double mutant. Uninfected and infected leaves were harvested at 7 days post-infection. Blots of total RNA were hybridized with a PR1 probe, the bands were quantitated with a PhosphorImager, and the signal for each lane was normalized to the counts obtained for a ubiquitin (UBQ5) control probe. Two fungus-infected samples were averaged for each genotype. Open bars, Col-0; shaded bars, eds5-1; striped bars, npr1-1; solid bars, eds5-1 npr1-1. the eds6-1, eds7-1 and eds9-1 mutants, and no differences in PR1, BGL2, PR5 or GST1 transcript levels were observed (data not shown).
To further investigate the roles of EDS5 and NPR1 in PR1 induction, PR1 expression was also examined in an eds5-1 npr1-1 double mutant ( Figure 6 ). Interestingly, PR1 expression in the eds5 npr1 plants was virtually eliminated (Ͻ 3% of levels in infected Col-0 plants). The eds5 npr1 plants also showed reduced expression of BGL2 and PR5 (20% and 30% of wild-type levels) in comparison to the eds5-1 and npr1-1 parent plants (data not shown).
Discussion
To help categorize the specificity of Arabidopsis defenserelated functions with respect to their importance in restricting the growth of bacterial versus biotrophic fungal pathogens, we used a fungal pathogen, E. orontii, to infect a set of previously isolated Arabidopsis eds, pad and npr mutants with lesions in a variety of defense-related genes. The eds mutants were identified on the basis of their enhanced susceptibility to the bacterial pathogen P. syringae (Glazebrook et al., 1996; Rogers and Ausubel, 1997) , pad mutants are deficient in the accumulation of camalexin following P. syringae infection (Glazebrook and Ausubel, 1994; Glazebrook et al., 1997) , and npr1/nim1/sai1 mutants fail to activate the transcription of PR genes in response to exogenously supplied salicylate Delaney et al., 1995; Shah et al., 1997) . Only three out of 14 mutants tested in this study, pad4, npr1 and eds5, showed enhanced susceptibility to E. orontii, whereas all of the mutants except pad3 and pad5 were more suscept-ible to P. syringae. In addition to the eds mutants used in this study, four newly isolated eds mutants with enhanced susceptibility to P. syringae (eds10, eds11, eds12, eds13) have been tested with E. orontii. Two of these mutants appeared to be moderately more susceptible and two were not more susceptible to E. orontii (Volko et al., 1998) . Thus, out of a total of 16 mutants that we tested that are more susceptible to P. syringae, only five were also more susceptible to E. orontii. These results were not necessarily unexpected since P. syringae and E. orontii have very different modes of pathogenicity; nevertheless, there was no a priori way of knowing how much overlap there would be in the functions that play key roles in limiting the growth of fungal versus bacterial pathogens.
Roles of salicylate, NPR1, PAD4 and EDS5 in limiting E. orontii growth in Arabidopsis As shown in Figure 3 , E. orontii infection of Arabidopsis elicits the strong accumulation of PR1, BGL2 and PR5 mRNAs. In several plants, salicylate has been shown to act as a signal molecule in the activation of PR gene expression (reviewed in Yang et al., 1997) , suggesting that a salicylatedependent signaling pathway is important for limiting E. orontii growth in Arabidopsis. This conclusion is consistent with our observation that npr1 and pad4 mutants as well as transgenic nahG plants exhibit enhanced susceptibility to E. orontii. Arabidopsis npr1/nim1/sai1 mutants fail to activate PR1, BGL2 and PR5 gene expression in response to exogenous salicylate, demonstrating that the NPR1 protein acts in a signal transduction cascade which responds to a salicylate signal Delaney et al., 1995) . Interestingly, however, we reported previously that npr1 mutants accumulate essentially wild-type levels of BGL2 and PR5 mRNAs and about 10% of the wild-type levels of PR1 mRNA in response to P. syringae (Glazebrook et al., 1996) . Similarly, as reported in this paper, we observed only a modest reduction in the levels of BGL2 and PR5 mRNAs and about 20% of the wild-type levels of PR1 mRNA following E. orontii infection of npr1-1. Assuming that the npr1 mutants are not leaky, the activation of PR gene expression in the npr1 mutants by P. syringae and E. orontii suggests that there are NPR1-independent pathogen activated pathways that can lead to PR gene expression. There is a possibility that the npr1 mutants could retain some activity, since a transgenic line that is suppressed for NPR1 expression exhibits very low PR1 activity after P. syringae infection (Cao et al., 1998) .
Our observation that nahG plants exhibit very low levels of PR1 induction following E. orontii infection suggests that salicylate-dependent pathways are required for almost all of the PR1 expression in response to E. orontii. These results are consistent with those of Zhao and Last (1996) , who found that PR1 expression in response to virulent P. syringae is completely abolished in nahG plants. Moreover, the fact that nahG plants are more susceptible to E. orontii than npr1 plants and exhibit lower levels of PR1 induction following E. orontii infection suggests the existence of an NPR1-independent but salicylate-dependent defense gene activation pathway. There is precedent for such pathways as camalexin induction in response to P. syringae is salicylate-dependent but NPR1-independent (Zhao and Last, 1996) . Because the nahG plants retain significant BGL2 and PR5 expression, there must also be pathogen-activated salicylate-independent pathways leading to BGL2 and PR5 expression.
Further evidence that both salicylate-independent pathways and salicylate-dependent but NPR1-independent pathways are involved in limiting the growth of E. orontii is provided by the pad4 mutant. The pad4 mutant is the most susceptible to E. orontii of all the mutants tested. The pad4-1 mutant used in our study was recently reported to be deficient in the accumulation of salicylic acid in response to infection by virulent P. syringae strains (Zhou et al., 1998) , indicating that PAD4 functions upstream of salicylic acid and NPR1. However, we found less than 10% accumulation of PR1, BGL2 and PR5 mRNAs following infection of pad4 with E. orontii, compared to 20% accumulation of PR1 and greater than 50% accumulation of BGL2 and PR5 in npr1 mutants. The small amount of PR gene expression in pad4 could be due to leakiness of the pad4 allele that we used, the production of a small amount of salicylate through a PAD4-independent pathway, or induction through an E. orontii-dependent but salicylateindependent pathway. Evidence for the existence of salicylate-independent defense gene activation pathways is provided by our observation that pad4 is significantly more deficient in BGL2 and PR5 expression than the nahG transgenics. If this interpretation is correct, PAD4 must clearly play a pivotal role in the presumptive salicylateindependent pathway(s).
The only other mutant that we studied in depth that exhibited any enhanced susceptibility to E. orontii was eds5-1, which also showed reduced PR1 accumulation in response to E. orontii. As we have discussed above, almost all of the PR1 expression in response to E. orontii seems to be salicylate dependent. Therefore, it is most likely that EDS5 also functions in a salicylate-dependent pathway. The additive effects of the npr1-1 and eds5-1 mutations on PR1 expression in the eds5-1 npr1-1 double mutant suggest that the EDS5 and NPR1 gene products may act in parallel signal transduction pathways, both of which are necessary for full expression of PR1 in response to pathogen infection. If this is the case, the EDS5-dependent pathway must also require a second, salicylate independent pathogen-generated signal to induce PR gene expression, since the npr1-1 mutation completely blocks expression of PR genes in response to exogenously applied salicylate.
However, since it is not clear whether the npr1-1 mutation is a complete loss of function mutation, and because the nature of the eds5-1 mutation is unknown, it is also possible that neither mutation results in a null phenotype and that the EDS5 and NPR1 gene products function in the same pathway. In any case, the fact that the double npr1-1 eds5-1 mutant is more susceptible than either the eds5-1 or npr1-1 mutant corroborates our conclusion based on disease scores ( Table 1 ) that EDS5 plays a significant role in limiting the extent of E. orontii infection.
It should be noted that although we have demonstrated a requirement for salicylate at the infection site for limitation of E. orontii growth, our data suggest that there is no accumulation of salicylate in uninfected leaves since there is no PR gene induction. This is the expected result for a non-necrotizing pathogen such as E. orontii which does not typically induce systemic acquired resistance.
Many defense-related mutants are not more susceptible to E. orontii In contrast to the results obtained with pad4, npr1 and eds5 mutants, the observation that pad1-1, pad2-1, eds2-1, eds3-1, eds4-1, eds6-1, eds7-1, eds8-1 and eds9-1 mutants are affected in P. syringae susceptibility but not E. orontii susceptibility suggests that these genes encode components of signaling pathways that are not induced by E. orontii or encode downstream defense-related products that are ineffective against E. orontii. Because we found little or no camalexin induced in response to E. orontii infection, it is unlikely that deficiencies in camalexin itself would affect E. orontii growth. The finding that the phytoalexin-deficient mutants pad1-1, pad2-1, pad3-1 and pad5-1, and the pad1-1 pad2-1, pad2-1 pad3-1 and pad1-1 pad3-1 double mutants were not more susceptible to E. orontii is consistent with this conclusion. On the other hand, it is likely that PAD1 and PAD2 have pleiotropic regulatory roles because the pad1 and pad2 mutants which are more susceptible to P. syringae display only partial camalexin deficiency in response to P. syringae, whereas pad3 and pad5 are not more susceptible to P. syringae yet produce little (pad5) or no (pad3) camalexin. If PAD1 and PAD2 have pleiotropic regulatory roles, our data indicate that these regulatory functions are not essential for defense against E. orontii. Interestingly, the pad2-1 and pad3-1 mutants and the three double pad mutants do show some enhanced growth of certain incompatible Peronospora parasitica isolates , indicating a role for camalexin or a PAD gene regulated pathway in defense against this oomycete pathogen.
Although the eds6-1, eds7-1 and eds9-1 mutants were not more susceptible to E. orontii, eds6-1 and eds9-1 are more susceptible to the bacterial pathogen Pseudomonas aeruginosa strain UCBPP PA14, and eds9-1 is more sus-ceptible to the bacterial pathogen Xanthomonas campestris pv raphani strain 1946 . Therefore, each of these eds mutants has a unique pattern of susceptibility to the different pathogens tested, providing further evidence that defense pathways are separable by mutational analysis.
Defense induction by E. orontii compared to other Arabidopsis pathogens Although E. orontii induces some salicylate-dependent defense responses, E. orontii infection does not induce many other defense responses that are induced by other classes of pathogens. Two defense genes activated by virulent and avirulent P. syringae, AIG1 and AIG2 (Reuber and Ausubel, 1996) are not induced by E. orontii. E. orontii induces little or no camalexin production, whereas P. syringae infection (Glazebrook and Ausubel, 1994) or infection with the non-host pathogen Cochliobolus carbonum induces strong camalexin production. E. orontii infection also fails to induce two genes that are induced in Arabidopsis by necrotrophic fungal pathogens, the thionin THI2.1 which is induced by F. oxysporum f. sp. matthiolae (Epple et al., 1995) , and the defensin PDF1.2 which is induced by A. brassicicola (Penninckx et al., 1996) or F. o. matthiolae (Epple et al., 1997) . The THI2.1 and PDF1.2 genes are induced through a jasmonic acid dependent pathway (Epple et al., 1995; Penninckx et al., 1996) , therefore the lack of induction of these genes suggests that E. orontii infection does not induce this pathway. This inference is supported by the fact that the jasmonic acid response mutant jar-1 (Staswick et al., 1992) does not show enhanced susceptibility to E. orontii (Table 1) .
Circuitry of Arabidopsis defense gene activation
Our data can be used to order the PAD4, NPR1 and EDS5 gene products into the pathway leading to PR gene induction (Figure 7) . We have placed PAD4 upstream of salicylic acid induction by E. orontii because of the severe phenotype of pad4 plants and the salicylic acid defect of pad4 in response to P. syringae (Zhou et al., 1998) . Because pad4 is more deficient in BGL2 and PR5 induction than the nahG line, we have indicated (as discussed above) that PAD4 may be involved in activating signal transduction pathways that are not dependent on salicylic acid. On the other hand, because both the pad4 mutant and the nahG line are quantitatively more susceptible than the npr1-1 mutant and have more severe gene induction defects, we have indicated in Figure 7 that some of the salicylic acid signal may not go through NPR1. Finally, we have placed EDS5 downstream of salicylic acid in a separate pathway from NPR1 because our results suggest that almost all PR1 expression in response to E. orontii is salicylate-dependent and because analysis of an eds5 npr1 double mutant showed that the eds5 and npr1 mutations have additive negative effects on PR1 induction. We have indicated that a second signal may be necessary to induce PR1 expression through EDS5. As discussed above, it is also possible that EDS5 and NPR1 could function in the same signal transduction pathway.
The availability of mutants that can be tested in multiple pathogenic systems allows us to further compare the signal transduction pathways induced by each pathogen. For instance, while the pad4 mutant is defective for BGL2 expression in response to E. orontii, it is not defective in BGL2 expression in response to P. syringae (Zhou et al., 1998) . This implies that there is a redundant PAD4-independent pathway for BGL2 activation in response to P. syringae that is not activated by E. orontii infection. This result, combined with the observation that P. syringae induces other genes that are not induced by E. orontii, suggests that E. orontii might induce fewer defense responses in general than the bacterial pathogen. This latter conclusion is consistent with the observation that the pad4, npr1 and eds5 mutants all allow similar enhanced growth (1.5-2 logs) of P. syringae (Glazebrook et al., 1996) , yet the pad4 mutant is much more susceptible to E. orontii and has more severe defense gene induction defects than the other two mutants.
Conclusion
The data in this paper demonstrate that the availability of several pathogens that can be tested on a set of host defense-related mutants makes it possible to use genetic analysis to dissect the signal transduction pathways that are responsible for defense against different classes of pathogens. The fact that npr1 and pad4, and eds5 mutants are all more susceptible to P. syringae and E. orontii indicates that NPR1, PAD4 and EDS5 play key roles in defense signaling pathways. Each of these mutants has also been shown to be more susceptible to other pathogens: pad4 and npr1 to P. parasitica (Delaney et al., 1995; Glazebrook et al., 1997) , and eds5 to P. aeruginosa and X. c. raphani . Our data also indicate that salicylate is important for the limitation of E. orontii, as in many other pathogenic systems, and suggest that EDS5 plays a role in a salicylate-dependent signal transduction pathway. Several other eds mutants were not found to be more susceptible to E. orontii, and these mutants may define signal transduction pathways or downstream effectors that are effective against a more limited group of pathogens. We have recently isolated a number of new Arabidopsis mutants by screening directly for enhanced E. orontii susceptibility. Importantly, many of these mutants do not have enhanced P. syringae susceptibility (T.L. Reuber and F.M. Ausubel, unpublished results). These mutants may reveal other defense-related pathways that are relevant and perhaps specific for limiting the growth of fungal pathogens.
Experimental procedures
Growth of Arabidopsis thaliana
The Arabidopsis plants were grown in Metro-Mix 200 (ScottsSierra Horticultural Products Co., Marysville, OH, USA) under a 12 h light-dark cycle either in a greenhouse with supplemental fluorescent lighting (19 Ϯ 2°C) or in a Percival AR-60 l growth chamber (20°C, 80% relative humidity, illumination approximately 100 µE m -2 s -1 ). Arabidopsis accessions Columbia (Col-0) and Landsberg erecta were obtained from G. Redei and A.R. Kranz (Arabidopsis Information Service, Frankfurt, Germany), respectively. The eds, pad and npr1 mutant lines tested in this work have been described previously (see Table 1 ). The pad4-1 mutant had been backcrossed four times, and the npr1-1 and eds5-1 mutants had been backcrossed three times. All other mutants tested except the jar1-1 mutant had been backcrossed at least once. The jar1-1 line was obtained from the Ohio State Stock Center, and backcrossed ndr1-1 seed was obtained from B. Staskawicz (UC Berkeley, Berkeley, CA, USA). Seed for backcrossed lines of all pad mutants, eds2, eds3, eds4, eds8, npr1-2 and npr1-3 were obtained from J. Glazebrook. A Landsberg transgenic line expressing the bacterial nahG gene and backcrossed npr1-1 seed were obtained from Xinnian Dong (Duke University, Raleigh, NC, USA).
Col-0 nahG transgenic lines were obtained from P. Yorgey in our laboratory and in brief were generated by vacuum transformation of adult plants as described by Bent et al. (1994) with a 35S-nahG construct provided by Xinnian Dong . Two independent lines that showed 3:1 segregation for kanamycin resistance in the T2 generation were analyzed.
The npr1-1 eds5-1 line was constructed as follows: F2 seed from a cross of eds5-1-fah1-2 to npr1-1 containing the BGL2:GUS transgene were obtained from Joe Clarke and Xinnian Dong. The fah1-2 mutation (Chapple et al., 1992) was a marker in the original pool of mutagenized seed from which eds5-1 was isolated that coincidentally maps approximately 10 cM from eds5-1. The resulting F2 seeds were screened for homozygous recessive fah1-2 mutant plants under the assumption that such plants would likely also be homozygous for the eds5-1 mutation. fah1-2/ fah1-2 homozygous plants were screened for the loss of an NlaIII restriction site caused by the npr1-1 mutation (Cao et al., 1997) by amplifying a portion of the NPR1 gene by PCR and cleaving the product with NlaIII. Presumptive npr1-1 eds5-1 double mutants were test crossed back to both single mutant parents. F1 plants were scored for enhanced susceptibility to Psm ES4326 because both npr1-1 and eds5-1 are significantly more susceptible than Col-0. A single line homozygous for both mutations was chosen for further study.
Fungal inoculations
Erysiphe orontii isolate MGH was identified as the causal agent of a powdery mildew outbreak in the MGH greenhouse (Plotnikova et al., 1998) . E. orontii MGH was propagated by inoculation of 4-5-week-old pad4-1 plants by tapping conidia from two infected leaves onto a 13 cm square pot. In general, conidia from 10-to 14-day-old infections were used for inoculation of plants for experiments, whereas conidia from infections up to 3-weeks-old were used for fungal propagation. For analysis of susceptibility of Arabidopsis plants, the plants were inoculated using a simplified settling tower (Adam and Somerville, 1996) , essentially a square metal tower 71 cm high covered with nylon mesh with 95 micron openings (Small Parts, Inc., Miami Lakes, FL, USA) that fits over a 13 cm square pot. Conidia from one heavily infected Arabidopsis leaf were tapped onto the mesh and passed through with a camel's hair brush to break up the conidial chains. For comparison of the susceptibility of Arabidopsis mutants to the wild-type parent accessions, the two genotypes to be compared were always planted in the same 13 cm square pot, one genotype in each half of the pot.
For quantitative analysis of fungal development, leaves from 4.5-to 5-week-old plants grown in a Percival growth chamber were harvested and placed on a 1.5% water agar plate with petioles imbedded in the agar. The leaves were viable for at least 1 week under these circumstances. The Petri plates were inoculated using a settling tower as described above, and incubated in a Percival growth chamber at 20°C. After 4 or 5 days, leaves were harvested and stained with trypan blue (1 mg ml -1 in a solution of equal parts lactic acid, glycerol, and water) for approximately 1 h to visualize fungal structures. Leaves were stained directly on microscope slides and were not cleared or rinsed before analysis to minimize disturbance of fungal structures. Stained leaves were examined using a Zeiss Axioscope with Nomarski optics. Well-separated colonies in the central portion of the upper leaf surface were chosen for analysis, and the number of conidiophores and conidia were counted per colony. Colonies over the central vein or within 1-2 mm of the leaf edge developed more slowly and were excluded from the analysis.
Light microscopy
Infected leaves were cleared in a solution of lactophenol:ethanol (1:2 vol:vol) for a period of 12-24 h with one change of solution.
© Blackwell Science Ltd, The Plant Journal, (1998), 16, 473-485 Lactophenol was prepared from equal volumes of phenol, lactic acid, glycerol and water. Cleared Arabidopsis leaves were moved to a fresh lactophenol solution containing 1 mg ml -1 trypan blue. Leaves were stained for 10 min before mounting on slides (Shipton and Brown, 1962) . Samples were examined with a Zeiss Axioscope with bright field and Nomarski optics, and photomicrographs were taken with an MC 80 automatic camera.
To determine the presence of callose deposits, samples were harvested 24 h after infection and were treated as described by Adam and Somerville (1996) with the following modifications: for each line, 2-3 leaves were placed in 5 mls alcoholic lactophenol (2 parts ethanol to 1 part lactophenol) and infiltrated by applying a vacuum for 5-10 min. With the leaves still in the lactophenol solution, the samples were placed in a 60°C water bath for 20-30 min to clear chlorophyll. Leaves were gently rinsed with water and then incubated overnight in 3-5 ml aniline blue stain (150 mM K 2 PO4 (pH 9.5), 0.01% aniline blue powder) in the dark. Following staining with aniline blue, leaves were gently rinsed in water and then stained with trypan blue (1 mg ml -1 trypan blue in lactophenol) for 30 min so that fungal structures could be visualized. After staining, leaves were mounted on a microscope slide in 50% glycerol. Fluorescence was observed using a 365 nm excitation filter, 395 nm chromatic beam splitter, 420 nm barrier filter.
Scanning electron microscopy
Pieces of infected A. thaliana leaves at various stages of disease development were fixed in 4% paraformaldehyde, washed in phosphate buffer and passed through an alcohol series: 30%, 50%, 70%, 96% and 100%. The fixed plant material was dried in a Samdri-PVT-3B critical point drying apparatus (Tousimis, Rockville, MD, USA). Dried leaf pieces were mounted on stubs and covered with 20-25 µm of gold-palladium in a Hummer II Sputter Coater (Anatech Ltd, Springfield, VA, USA). Coated samples were studied under an AMRAY 1000 scanning electron microscope (AMRAY, Inc., Bedford, MA, USA).
RNA analysis
Leaves of 4.5-to 5-weeks-old plants grown in a Percival growth chamber were inoculated by transferring conidia from an infected leaf to an uninfected leaf using a small camel's hair brush. This produced a dense infection over the leaf surface. RNA was prepared and RNA gel blots were performed as described previously (Reuber and Ausubel, 1996) . The preparation of all probes used was described byRogers and Ausubel (1997).
